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Abstract
The central role of RNA polymerase (RNAP) is to catalyze the processive synthesis of a growing
RNA transcript. Recent structural and biophysical data have lead to a deeper understanding of the
nucleotide addition cycle and insight into the structure-function relationships that govern
transcription elongation. In this review, we discuss kinetic data on nucleotide incorporation in the
context of crystal structures, which show RNAP in multiple conformations. We present a
facilitated Brownian ratchet model of nucleotide incorporation, in which templated NTP binding
to a non-catalytic site in the main channel promotes the conformational changes that lead to
opening of the catalytic site and translocation.
Transcription, the DNA-directed synthesis of RNA, is the first step in the cascade of events
that leads to gene expression. All cells utilize multi-subunit RNA polymerases (RNAPs) to
synthesize the nascent RNA chain, using a well-conserved mechanism for nucleotide
incorporation. For the addition of each nucleotide, RNAP must bind a nucleoside
triphosphate (NTP) into the catalytic site, catalyze the phosphotransfer reaction, release
pyrophosphate, and translocate along the DNA. In the past 10 years, there has been an
explosion of structural data on elongation complexes (ECs), as well as many detailed kinetic
studies on the mechanism of nucleotide incorporation. These data have led to a host of
models of the mechanism and regulation of substrate loading, catalysis, and translocation.
Despite all these data, the mechanism of nucleotide incorporation remains hotly debated. In
this review, we focus on the structural elements that appear to be intimately involved in the
nucleotide addition cycle and how these elements relate to the current kinetic models for
nucleotide incorporation.
Structural Elements of RNA Polymerase
Crystal structures of both prokaryotic and eukaryotic RNAPs reveal an enzyme that has a
basic overall structure resembling a crab claw [1,2]. The two largest subunits constitute the
pincer of the enzyme and form a deep, ∼27Å wide channel, referred to as the main channel.
In the EC crystal structures (Fig. 1), the downstream DNA enters the main channel making
extensive contacts with the pincer. Fork loop 2 and the bridge helix separate the main
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channel from the catalytic site and delineate the front edge of the transcription bubble, where
the two stands of DNA are separated. The non-template DNA passes on one side of fork
loop 2 and exits to the outer surface of the enzyme, while the template DNA passes on the
other side and continues across the bridge helix and into the catalytic site. At this point, the
template DNA makes an ∼90° turn into the active site and forms a RNA-DNA hybrid with
the nascent RNA chain. The RNA-DNA hybrid continues for 8-9 nucleotides before it is
separated by the lid, which mark the upstream edge of the transcription bubble. The RNA
passes the lid, and is extruded through the RNA exit channel. The template DNA continues
on and re-anneals with the non-template DNA at the zipper [3,4••,5]. Mutations in these
RNAP structural elements result in aberrant RNAP function [6].
Another major structural element seen in all multi-subunit RNAP structures is the secondary
channel, which is ∼12 Å wide and ∼45 Å deep and leads directly into the catalytic site. The
3′-end of a transcript in a backtracked EC is extruded into this channel [7-10], and several
transcription factors, such as GreA, GreB, and DksA in prokaryotes [11-13] and TFIIS in
eukaryotes [5], bind in this channel and interact with the RNA and/or the catalytic site. In
addition, this channel is generally believed to be the main route for NTP entry into the
catalytic site [1,3,14-16].
Nucleotide Incorporation and the Trigger Loop and Bridge Helix
The catalytically essential trigger loop interacts with the bridge helix and spans the main
channel and secondary channel and can adopt “open” and “closed” conformations (Figs. 1 &
2) [4•4•,17••,18•-20]. In the open conformation, the trigger loop lies primarily in the main
channel, leaving free access to the catalytic site via the secondary channel; whereas, in the
closed conformation, it makes extensive interactions with the NTP in the catalytic site and
closes off entry and exit of NTPs or pyrophosphate to/from the catalytic site. These
observations led to the suggestions that the closed conformation represents the catalytic
complex and that the trigger loop needs to open and close for every round of nucleotide
incorporation [17••,18•,20]. Changes in the conformation of the trigger loop also appear to
coincide with bending and straightening of the bridge helix (Fig. 2). Cramer and coworkers
recently published a review and a movie of nucleotide incorporation, based on several
RNAP crystal structures, that shows the conformational changes in the bridge helix and
trigger loop that are thought to be important for catalysis and translocation [21]. One
paradox regarding the role of the trigger loop in nucleotide incorporation is that TFIIS binds
in the secondary channel in such a way that it would appear to block the interaction of the
trigger loop with the NTP in the catalytic site [5,14], however it does not affect the rate of
nucleotide incorporation [22].
Is RNA Polymerase Governed by a Brownian Ratchet?
Several models for nucleotide incorporation propose that RNAP functions as a Brownian
ratchet, with thermal energy driving an equilibrium between the pre- and post-translocated
states (and even backtracked states) at each nucleotide position [14,21,23,24]. Although
studies have shown that complexes stalled at a given template position can reside in the pre-
and post-translocated states and that cognate NTPs can shift the complexes to the post-
translocated state [20,23,25•,26], there is no data pertaining to the rate of interconversion
between these states. RNAP undoubtedly reaches an equilibrium between the pre- and post-
translocated states if given enough time (such as in a stalled EC due to nucleotide
deprivation); however, it remains unclear if RNAP achieves an equilibrium between these
states on the time scale faster than nucleotide incorporation (∼30 nt/s), and conversion
between the pre-translocated and backtracked states appears to be slow [27]. It is clear that
Brownian ratchet models, in which NTP binding to the catalytic site acts as a pawl and the
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rate of incorporation is governed by the NTP concentration and the percentage of complexes
in the post-translocated state [23], cannot explain much of the kinetic data on nucleotide
incorporation and pyrophosphate release. First, a recent study of a fidelity mutant of yeast
RNAP II (rpb1-E1103A) demonstrated that this mutant increases the rate of nucleotide
incorporation (both correct and incorrect), even though it is shifted to the pre-translocated
state relative to wild-type RNAP [25•]. This study suggests either that the translocation state
does not govern the rate of nucleotide incorporation or that NTPs bind preferentially to the
pre-translocated state. Second, kinetic studies of misincorporation reveal that RNAP can
exist in two states which are not in rapid equilibrium: an “activated” state which catalyzes
misincorporation and an “unactivated” state which does not [28,29]. These data suggest that
if there is an equilibrium between translocation states, it is either slow relative to the rate of
nucleotide incorporation, or rapid, but does not govern the rate-limiting step of nucleotide
incorporation. Finally, as discussed below, several kinetic studies indicate that RNAP
contains a non-catalytic binding site for templated NTPs that regulates nucleotide
incorporation and pyrophosphate release.
NTP-Assisted Nucleotide Incorporation
Early presteady-state kinetic studies of E. coli RNAP demonstrated that the addition of a
templated, but non-incorporatable, NTP analog increases the rate of incorporation of the
templated NTP [30••]. This result, coupled with the observation that the rate of nucleotide
incorporation shows a sigmoidal dependence on NTP concentration, indicates the presence
of an additional NTP binding site on RNAP. If there were only a single binding site for
templated NTPs, the presence of a non-incorporatable NTP analog would inhibit the rate of
nucleotide incorporation because it will compete for binding to the catalytic site [30••]. It
was proposed that binding of a templated NTP to an allosteric site transitions RNAP from a
slow, high fidelity “unactivated” state into a fast but lower fidelity “activated” state.
Subsequent studies, which coupled sequence and structural analyses of RNAP with
examination of the effects of the downstream DNA sequence on nucleotide incorporation,
led to the proposal that a templated NTP binds to fork loop 2 and, upon pairing with the
template DNA, increases the rate of nucleotide incorporation by altering the active site
geometry and by acting as a ratchet that induces and/or maintains the post-translocated state
prior to binding of a NTP in the catalytic site [28,30••,31•].
A similar model was proposed based on studies of eukaryotic RNAPII that showed that
NTPs complementary to the template DNA one and two bases downstream from the
nucleotide to be incorporated increase the rate of nucleotide incorporation [32••,33,34•,35].
In this model, a downstream templated NTP (or NTPs) binds to a site in the main channel
and regulates opening of the downstream transcription bubble. This nucleotide is then
shuttled along with the template DNA into the catalytic site. Further support for an
additional templated NTP binding site comes from recent studies showing that the presence
of the downstream templated NTP enhances pyrophosphate release from the previous
incorporation event by ∼ 200-fold (from ∼3s-1 to ∼600s-1) [36••]. Presumably,
pyrophosphate is occupying the active site, with the trigger loop closed (which also blocks
the pre-insertion site); therefore, the templated NTP must bind somewhere else, and the
downstream template DNA lies in the main channel.
It has been suggested that there cannot be a templated NTP binding site in the main channel
because in crystal structures of T. thermophilus RNAP ECs, the downstream DNA in the
main channel is completely paired [4••,17••]. These structures, however, lack a non-template
strand upstream of the insertion site, which may affect downstream DNA opening [4••].
Furthermore, DNA footprinting studies of ECs stalled at multiple positions along the DNA
template revealed that in some complexes, the downstream DNA is fully paired, while in
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others, one or two base pairs of the downstream DNA are open [28,37]. Finally, in the
structure of RNAP II with α-amanitin bound, the base entering the active site is unpaired
and lies above the bridge helix pointing into the main channel [20]. It is likely that the state
of the DNA (paired or unpaired) immediately downstream of the insertion site depends on
the details of the sequence and possibly on the presence of downstream NTPs. It is certainly
difficult to explain the data discussed in this section without allowing for templated NTP
binding in the main channel.
Fork Loop 2 and the β-pincer May Comprise a Non-catalytic NTP Binding
Site
Fork loop 2 lies across from the template DNA at the front of the transcription bubble. It
interacts with the β-pincer (β140-332), which makes direct contact with the double-stranded
downstream DNA (Fig. 1). The pincer has been observed in “open” and “closed”
conformations, and opening of the pincers is thought to be necessary to allow translocation
[4••,17••]. Fork loop 2 also makes several interactions with the bridge helix as it crosses
over and forms βD-loopII, which, in turn, interacts with the closed trigger loop, RNA-DNA
hybrid, and the frayed 3′-end of a backtracked complex [14,17••,38]. It has been suggested
that conformational changes of fork loop 2 (Fig. 2) are coupled with opening and closing of
the pincers [4••,17••], unwinding of the downstream DNA [4••,5,17••,18•,20,39,40], and
changes in βD-loopII, the trigger loop, and the bridge helix [17••,38].
Sequence and structural analyses revealed that fork loop 2, the β-pincer, and several
surrounding elements resemble NTP binding domains seen in ATPases and GTPases [31•].
Fork loop 2 contains several glycines in both prokaryotes and eukaryotes and has sequences
similar to “P-loops” of NTP binding domains. In addition, a conserved Walker B motif
(DxxG) is located at the rear of fork loop 2. Finally, fork loop 2 makes extensive
hydrophobic interactions with the β-pincer, which is also characteristic of NTP binding
domains. Given that fork loop 2 has all the elements of a NTP binding domain and is
connected to the structural elements that appear to be directly involved in translocation and
nucleotide incorporation, it seems probable that templated NTPs may bind to this site to
regulate transcription. Consistent with this suggestion, mutations in fork loop 2 result in
defects in nucleotide incorporation that cannot be explained by fork loop 2 functioning only
to open the downstream DNA (Unpublished results) [41].
Is the Secondary Channel the Only Route for Nucleotide Entry?
Consistent with nucleotides entering the catalytic site via the secondary channel, NTPs have
been observed bound in the secondary channel in crystal structures of RNAP II, although
most of the binding sites partially overlap the catalytic site [5,21,42]. In addition, the
antibiotic microcin J25 binds in the secondary channel and appears to compete with NTP
binding, leading to the suggestion that it acts by blocking the entry of NTPs into the catalytic
site via the secondary channel [43]. A major criticism of the secondary channel model,
however, is that the channel is too small to accommodate more than one nucleotide at a
time, which may lead to an NTP trafficking problem [31•,44]. Furthermore, the secondary
channel has a negative electrostatic potential which would be expected to disfavor
nucleotide entry, although computer simulations suggest that an elongation rate of ∼20 nt/s
is possible with NTP binding via the secondary channel [15]. In addition, several
transcription factors and small molecules (ppGpp) that bind in the secondary channel would
appear to block the entry of NTPs [11-13,45].
As outlined above, the evidence for a nucleotide-binding site in the main channel is
overwhelming; however, it remains unclear if NTPs can be shuttled from the main channel
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into the catalytic site. The primary argument against this idea is that there does not appear to
be sufficient room for an NTP to pass over the bridge helix [1,44]. The large number of
conformational rearrangements that seem to accompany nucleotide incorporation, coupled
with the observation that the antibiotic streptolydigin lies along the top of the bridge helix
while simultaneously interacting with fork loop 2 and the trigger loop, at least raise the
specter of its possibility [17••]. Alternatively, a NTP could be transferred to the trigger loop
and shuttled underneath the bridge helix along with closing of the trigger loop, although this
path would result in the NTP losing contact with the template DNA. Currently, there is no
direct evidence for NTPs entering the catalytic site via the main channel or the secondary
channel.
Facilitated Brownian Ratchet Incorporation Model
During processive synthesis, RNAP may function as a “facilitated” Brownian ratchet with
two pawls: one pawl being NTP binding into the catalytic site and the second pawl being
NTP binding to a non-catalytic binding site (fork loop 2). We call it a facilitated Brownian
ratchet because binding of a templated NTP to fork loop 2 may induce the conformational
changes that lead to opening of the catalytic site and/or translocation. In other words,
binding of a templated NTP to fork loop 2 may act as a “pry bar” to help move the ratchet
(i.e. RNAP) forward and binding of a NTP into the catalytic site may act as a pawl that
maintains the post-translocated state immediately prior to incorporation.
Figure 3 presents a model for NTP-assisted nucleotide incorporation that encompasses all of
the results discussed above. After a nucleotide is incorporated, RNAP is in the pre-
translocated state, with the trigger loop closed and pyrophosphate bound. The next NTP
binds to fork loop 2 and melts the downstream DNA to pair with the next template base
(Fig. 3, step 1), which, in turn, facilitates opening of the pincer and destabilizes the closed
trigger loop, promoting pyrophosphate release (Fig. 3, step 2). These conformational
changes allow the enzyme to rapidly translocate (Fig. 3, step 3). The NTP bound in fork
loop 2 may be shuttled directly into the catalytic site along with the template base (Fig. 3,
step 4a) [31•,32••,33,34•], or upon translocation, a NTP from bulk solution may bind to the
newly opened catalytic site via the secondary channel (Fig. 3, step 4b) [31•]. After the NTP
is bound to the catalytic site, the trigger loop closes down on the catalytic site (Fig. 3, step 5)
and induces bond formation (Fig. 3, step 6), and the cycle begins again.
Although binding of a NTP to fork loop 2 increases the rate of nucleotide incorporation, it is
not essential. In the proposed model, if fork loop 2 is not utilized, then the opening of the
transcription bubble, trigger loop, and pincers (required for translocation) may be slow,
leading to a slow entry into the post-translocated state. Furthermore, the trigger loop would
spend more time in the closed conformation and sterically block NTP entry, thereby
lowering the rate of synthesis. This path is equivalent to that proposed by Cramer and co-
workers [21] and may come into play at certain sequences or with stalled complexes in
which all the NTPs have been removed. All in all, there appear to be three possible “paths”
to nucleotide incorporation: i) direct entry of a NTP into the catalytic site via the secondary
channel when RNAP is in the post-translocated state, which does not involve fork loop 2
(non-allosteric path); ii) entry of a second templated NTP into the catalytic site via the
secondary channel after a templated NTP binds into fork loop 2 (allosteric path); iii)
shuttling of the NTP bound in fork loop 2 into the catalytic site (shuttle path). Which path is
followed will likely depend on both the environmental conditions, NTP concentrations, and
DNA sequence context.
A key point of this NTP-assisted incorporation model is the idea that during rapid processive
elongation, the trigger loop remains closed and pyrophosphate stays bound until the next
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NTP binds fork loop 2 (or an equivalent templated site), which, in turn, allows rapid
translocation. As long as the NTP concentration is sufficiently high or if the NTP is shuttled
into the catalytic site from fork loop 2, the catalytic site is rapidly filled and the trigger loop
closes, restarting the cycle. Such a regulatory mechanism would serve to keep the active site
protected from the action of factors that bind in the secondary channel, because the closed
trigger loop may block their binding sites. If RNAP encounters a disruption in synthesis due
to either sequence context or NTP pools, the trigger loop would slowly open, allowing
regulatory factors to bind via the secondary channel. These suggestions are consistent with
misincorporation studies which demonstrated that GreA induces RNA cleavage in ECs only
after they transition from the activated (fast) to the unactivated (slow) state [28]. Finally this
idea could resolve the apparent paradox that TFIIS does not inhibit nucleotide incorporation
even though it binds between the catalytic site and the trigger loop.
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Important structural elements involved in translocation and the nucleotide addition cycle.
Side (left) and top (right) views of the β and β′-subunits (transparent grey) of the T.
aquaticus transcription elongation complex (PDB: 2O5J) are shown. Several key structural
elements are highlighted. These structures have been shown to either adopt multiple
conformations in crystal structures or to be involved in translocation and/or the nucleotide
addition cycle, based on mutational analysis [6]. The template and non-template DNA
strands are highlighted in green and blue, respectively. These strands are separated at fork
loop 2 (β413-441; yellow). The βD-loopII (β442-454), which extends from fork loop 2, is
cyan. The nascent RNA chain is red. The DNA and RNA hybrid are separated at the lid (β
′525-538; grey) and rudder (β′580-600; dark red). The catalytically essential trigger loop (β
′1225-1265; magenta) is located below the bridge helix (β′1066-1095; orange) and is shown
interacting with a nucleotide (pink) in the catalytic site. The pincer, (β140-332) which closes
down on the downstream DNA, is shown in dark green and is omitted on the left for clarity.
All residue numbers correspond to T. aquaticus RNAP.
Erie and Kennedy Page 10














Conformational changes in the S. cerevisiae EC thought to be involved in translocation.
Shown are the different conformations of the trigger loop, bridge helix, and fork loop 2. The
trigger loop can adopt an open (green, PDB:1Y1V) and closed (magenta, PDB:2E2H)
conformation. When closed, the trigger loop contributes several residues that are essential
for catalysis. The bridge helix can adopt a bent (light pink, PDB:2VUM) and unbent (blue,
PDB:1Y77) state. Fork loop 2 has been seen in three distinct conformations: open (yellow,
PDB:2E2I), partially closed (orange, PDB:1Y1V), and closed (cyan, PDB:1Y77). The DNA
strands are in grey and the RNA is red. The catalytic nucleotide (pink) is shown bound to the
catalytic residues (light grey).
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Model of the nucleotide addition cycle that utilizes a secondary NTP binding site. Fork loop
2 is black, the bridge helix is yellow, and the trigger loop is green. This model begins with
the EC in the pre-translocated state with pyrophosphate still bound from the previous
incorporation. See main text for details.
Erie and Kennedy Page 12
Curr Opin Struct Biol. Author manuscript; available in PMC 2014 April 08.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
